To measure the possible correlation between genetic damage and repair ability in natural populations of a eukaryote, we compared the spontaneous frequency of sex-linked recessive lethal mutations and male recombination, which is associated with DNA transposable element induced chromosome breakage, with DNA repair efficiency in isofemale lines of a winery population of Drosophila melanogaster from Australia. Repair efficiency was measured by maternal effects on ring-X chromosome loss. Significant amounts of genetic variability for spontaneous rates of genetic change and for repair ability were observed in the isofemale lines collected during periods of low and high population density. However, there were no correlations between repair ability and rates of genetic damage. Possible reasons for the absence of correlation are discussed, along with the observations that: (a) the frequency of lethal mutations and ring-X chromosome losses were significantly higher in the small, resident population; (b) the rates of ring chromosome losses and especially lethal mutations are uniform over periods of time; (c) and inbreeding of isofemale lines leads to a reduction of the high spontaneous mutation rates.
INTRODUCTION
Variation in the rate of spontaneous mutation has been documented in natural populations of Drosophila melanogaster (Woodruff el a!., 1983) and other species (Neel, 1983) . Although age, temperature, physiological condition and other non-genetic factors can influence mutation rates, the genetic constitution of the individual is undoubtedly of paramount importance (Woodruff and Thompson, 1982a) . Two genetic factors, in particular, have recently received extensive attention-repair defective mutations (Generoso et aL, 1980; Mason, 1980; Quah et aL, 1980; Smith et aL, 1980; Würgler and Graf, 1980; Vijayalaxmi et a!., 1983) and mutator activity (see Green, 1976; Neel, 1983; Woodruff eta!., 1983 for reviews) .
In this study we compare the spontaneous sex-linked recessive lethal mutation frequency, DNA repair efficiency, and mutator activity associated with male recombination in two sets of isofemale strains. There were two major objectives. First, we wanted to determine whether there is a clear correlation between repair ability and spontaneous rates of genetic change in strains from natural populations. This objective is important because it has been postulated that at least 90 per cent of spontaneous mutations in some eukaryotes are caused by misrepair of spontaneous lesions (Quah et aL, 1980) . Second, we hoped to identify strains that differed significantly in either repair or mutation rates so that the genetic determinants of strain 223 variation could be analysed in more detail. The isofemale strains we tested were obtained from a winery in Australia and represent collections from a small "resident" population and from the larger population that is produced by immigrants attracted at harvest time.
MATERIALS AND METHODS
Twenty isofemale lines, each originating from a single female inseminated before capture, were collected from the Chateau Tahbilk winery, Victoria, Australia, and were kindly supplied by P. A. Parsons. The first set, numbered CT-i through CT-b, was collected in October, 1979 , before the grapes ripened and the resident population was small. The second set, numbered CT-102 and above, was collected in May, 1980, after migrants had caused an explosive increase in population size at harvest time. All cultures were maintained on cornmeal, molasses, and agar medium at 25± 1•0°C in 8-dram culture vials or half-pint bottles seeded with live yeast.
The frequency of spontaneous sex-linked recessive lethal mutations was measured in each of the isofemale lines by mating Chateau Tahbilk (CT) males to females homozygous for the X-chromosome balancer Base (In(1)scSlLscSR +S, sc sc8 aB). Individual F1 females were then mated to Base males, and the F2 progeny were scored for the presence of B males. Absence of wild-type males (out of a total of at least 20 males scored per culture) indicated that a lethal mutation had occurred in the original CT male parent. Spontaneous ring chromosome loss was used as a measure of DNA repair ability in these 20 CT lines. Although the exact mechanism of interaction of repair and ring chromosome loss is unclear, the relationship between ring loss and repair can perhaps best be understood by considering the following example (Leigh, 1976) .
Chromosome breakage in a ring-X male will initially produce a rod chromosome. If this breakage is not repaired by maternal enzymes after fertilization, the chromosome will be lost or the breakage event will result in dominant lethality. Repair, on the other hand, can have several outcomes. "Correct" repair will result in the ring-X being reformed, and the offspring will be an XX female. Yet, if there is torsion of the chromosomes before repair is completed, a dicentric chromosome (caused by a 180° rotation before repair) or interlocking rings (by a 360° rotation) will be produced. This will result in early somatic ring loss and, thus, in a phenotypically recognisable XO male. Consequently, the correlation between repair ability and ring loss frequencies is a negative one. More efficient repair leads to a higher frequency of altered rings, whereas defective repair ability may ultimately result in less chromosome loss. A possible mechanism for repair of double-strand breaks is discussed by Szostak er a!. (1983) .
Ring-X males with doubly-marked Y chromosomes (R(1)2, yf/B5 Yy ) were mated with females from each CT isofemale line, and normal male (BS) and ring loss male (B) progeny were scored to determine the effectiveness of maternal DNA repair in the CT lines. Between 75 and 100 matings were made for each line to obtain approximately 5000 scored progeny males. The intra-laboratory historical frequencies of spontaneous ring-X chromosome loss in crosses of R(J)2, yf/B5 Yy males with y2 w° repair efficient females, and with females defective in excision repair (y W° Sc mei_9a), postreplication repair (ypn mus(1)1O1 DI; cn bw), or both excision and postreplication repair (y w; bw; st mus(3)3O2'') (Boyd and Setlow, 1976; Boyd et aL, 1980; Boyd and Harris, 1981) were used as controls. Although we noted the major gynandromorphs that appeared in the progeny, our interest was in early ring loss and repair, and gynandromorph data will consequently not be reported here. In addition, the F1 progeny of the ring-loss crosses were scored for spontaneous nondisjunction by X-chromosome gain in the parental males and females.
Hybrid dysgenic mutator activity was quantified by measuring the rate of male recombination (Thompson and Woodruff, 1978) . Male recombination is positively correlated with the rate of chromosome breakage and the induction of mutations attributable to movement of transposing genetic sequences (reviewed in Woodruff et aL, 1983) . CT line males were crossed with dp b cn bw females (an M laboratory line; see Bregliano and Kidwell, 1983 , for a description of the rules of hybrid dysgenesis), heterozygous F1 males were test crossed to dp b cn bw females, and F2 progeny were scored for recombination (dp = dumpy wings, 2L-l 30; b =black body colour, 2L-485; cn =cinnabar eye colour, 2R-575; bw=brown eye colour, 2R-1045). See Lindsley and Grell (1968) for a description of mutants, balancer chromosomes and re-arrangements.
The data were analysed by the chi-square test or by the heterogeneity G test (Sokal and Rohif, 1981) . A formula for the cumulative Poisson distribution (Owen, 1962) was used to compare the observed number of genetic changes per male with the expected value to identify clusters.
Correlation co-efficients were determined by the Spearman rank correlation test, and regression analyses were carried out using the Statistical Package for the Social Sciences (SPSS).
RESULTS
The frequencies of spontaneous ring-X chromosome loss in crosses with repair efficient and defective females are given in table 1. Using genetically identical males, the crosses with repair defective females have a significantly lower frequency of ring loss (XO) male progeny than do crosses with the a repair efficient line. The largest reduction in ring loss is observed in tShown by resistance to methyl methanesulfonate killing (Brodberg and Woodruff, unpublished) .
crosses with postreplication repair defective females. Others have also observed alterations in the frequency of ring chromosome loss in the presence of repair defective mutations (Wurgler and Graf, 1982; Zimmering, 1981) . In addition, differential efficiency in the repair of spontaneous ring chromosome loss in laboratory lines has been reported by Würgler and Maier (1972) , and a similar observation has been reported from studies of chemically-induced ring-X loss (Zimmering, 1981) . Together, these results gave us confidence that it might be possible to measure genetic variation in repair ability found in strains isolated from natural populations. The frequencies of spontaneous lethal mutations, ring loss, and male recombination in crosses with Chateau Tahbilk isofemale lines are shown in tables 2 and 3. The lines have been divided into two sets, based upon population size at the time of collection. There were no significant correlations between lethal mutation and ring loss (R = 0O5, p = 0.83), lethal mutation and male recombination (R = 015, p 0.54) or ring loss and male recombination (R = 0•04, p = 0'88). This can be illustrated further by comparing measurements in lines showing particularly high mutation or ring loss, such as CT-3 and CT-102. Both had the same level of lethal mutation, but CT-3 showed the highest frequency of ring loss and CT-l02 showed the lowest of all lines. The data in tables 2 and 3 include presumptive clusters, though removal of the rare clusters had no effect on the analysis. There were three clusters of lethals (5 lethals from a single male in CT-4, 4 lethals from a single male in CT-5, and 3 lethals from a single male in CT-6), and one large presumptive cluster of male recombinants (36 ++-i-bw progeny in a single test of CT-6). Premeiotic ring loss is lethal in gonial cells, so clusters are not recovered.
There was a ,significant difference between overall lethal mutation frequencies in the small and the large population (x2= 1ll, p<O.Ol). per cent of the total variance in lethal frequencies is explained by the difference between sets. There was also a significant difference between ring loss in the two sets of lines (x2= 964, p <0.01), with approximately 19 per cent of the variance in repair abilities being due to difference between sets. Even with the presumptive cluster of male recombinants in CT-6 included, there was no significant difference in the level of male recombination in the two sets (x2 = 2.38). When all 20 lines are compared by the heterogeneity G test, we find that all of those that have significantly lower frequencies of lethal mutations originated from the high density population (CT-106, CT-ll4 and CT-l19), whereas three of the four lines with significantly higher frequencies of mutation were from the low-density population (CT-i, CT-4, CT-7 and CT-130). A similar analysis of ring-loss showed that three of four lines from the low-density population had significantly higher ring-loss frequencies (CT-3, CT-8, CT-b and CT-i06), whereas seven of ten lines with significantly lower frequencies were from the high-density population (CT-102, CT-l05, CT-l07, CT-il3, CT-ll4, CT-1l8, CT-130, CT-l, CT-4 and CT-i). In addition, the three lines with significantly lower frequencies of male recombination were from the low-density population (CT-2, CT-9 and CT-b), whereas three of four lines with high frequencies of male recombination were from the high-density strains (CT-l07, CT-i13, CT-i 19 and CT-4).
In an attempt to measure the amount of variability for genetic damage and repair within an isofemale line, the frequencies of lethal mutations and ring-X chromosome loss were measured in additional runs with five CT lines. A high mutation line (CT-l) and a low mutation line (CT-l19) were tested three and four additional times, respectively, over a three-year period.
The results of these crosses are shown in table 4. The CT-l19 data are homogeneous over the five runs, whereas the CT-i data are heterogeneous. If the June 1982 data from the CT-i runs is removed, however, the other five runs are homogeneous. These data show that the spontaneous mutation rates of some isofemale lines that are maintained in the laboratory are uniform over time. In addition, it should be noted that the overall spontaneous mutation rate of the CT-i line is about fourteen-fold higher than that of the CT-i 19 line.
In relation to variation within lines for ring-X chromosome loss, three additional experiments were performed with three lines (CT-2, CT-8 and CT-to) over a one-year period. The results of these crosses are shown in table 5. The CT-2 and CT-to data are homogeneous over the four experiments, whereas the CT-8 data is heterogeneous. These data, plus our observations on intra-laboratory historical controls for lethal mutations and ring-chromosome loss, indicate that although some lines show stable ring- CT-l0 vs. CT-2 and CT-b vs. CT-8, P>0-05; CT-8 vs. CT-2, P<0-0l.
loss frequencies with time, there is more variability in ring-X chromosome loss within a line than there is for lethal mutations. None of the CT natural population lines showed a significant frequency of nondisjunction.
DISCUSSION
The data from this study show that there is significant genetic variation for spontaneous rates of genetic change and for repair ability within a natural population of D. melanogaster. However, these data show no correlation between repair ability and rates of genetic damage. The Chateau Tahbilk lines were observed to vary by as much as ten-fold for lethal mutation frequencies and two-fold for repair of broken ring chromosomes, and the frequencies of male recombination varied from zero to almost 05 per cent. Variation in the rates of spontaneous mutation and male recombination have been reported for other natural population lines of Drosophila (Plough, 1941; Dobzhansky, 1951; Dubinin, 1964; Woodruff et aL, 1983) , but there are no reports of the level of repair ability in natural population lines.
There were no significant correlations among frequencies of lethal mutations, male recombination and ring-chromosome loss in the CT lines. For example, lines did not show correlated high rates of mutation and male recombination coupled with defective repair. There are several possible explanations for the observed absence of correlations. First, the repair of spontaneous chromosome breakage (associated with ring-X loss and male recombination) may occur by a mechanism(s) different from that of the repair of spontaneous gene mutations. Evidence in support of this explanation comes from the observation that an FM6 balancer strain of D. melanogaster with reduced repair ability for spontaneous lethal mutations (Valencia, personal communication) has efficient repair ability for spontaneous ring-X chromosome loss (Woodruff, unpublished) . Second, male recombination seems to be induced by the movement of transposable DNA elements under the conditions of hybrid dysgenesis (Rubin, 1983) , while the lethal mutations recovered in this study were assayed in the absence of hybrid dysgenesis. Finally, there is conflicting evidence concerning the role of repair in hybrid dysgenic induced mutagenesis. Excision or postreplication repair defective mutations (or a combination of defects in both repair pathways) do not affect the rate of hybrid dysgenic induced sex-linked recessive lethal mutations and male recombination (Slatko et al., 1984) . On the other hand, Eeken and Sobels (1981) observed a significant increase in hybrid dysgenic induced visible mutations. These forward mutational events and male recombination are caused by presumptive insertions of P DNA elements. In addition, the frequency of reversion of hybrid dysgenic induced visible mutations, which are caused by presumed excision of P elements, is reduced in the presence of defective DNA repair (Eeken and Sobels, 1983) .
A comparison of the frequencies of genetic change and repair in the two population samples showed an interesting, and somewhat surprising, result. The frequencies of sex-linked lethal mutations and ring-X chromosome losses were significantly higher in the strains collected from the small resident population before expansion during the grape harvest. The frequencies of male recombination, which is probably caused by the movement of P-elements present in the CT chromosomes, were not significantly different in the two population samples. Molecular analysis of the CT chromosomes for the presence of P elements is currently in progress and will be reported elsewhere. It is not clear why a low-density population would have a higher frequency of spontaneous mutation than a high-density population, particularly a high-density population with immigrants. Ives (1950) has argued that selection against modifers of mutation rates (mutators) would be less in larger populations and, hence, mutation rates in large populations should be higher. Maynard Smith (1976) has also discussed the possible interaction between population size and mutation rate. Expanding populations with unlimited food and breeding resources might be less affected by a high mutation rate than would a small population with limited resources (Levins, 1967) . As an example, selection may be relaxed for increased mutation rates under the population flush stage of a flush-crash-founder cycle (Carson, 1975) . On the other hand, a higher rate of mutation in a low density population might be due to inbreeding, which would lead to an increase in the frequency of homozygosity for recessive mutator genes.
In addition, beginning with Sturtevant (1937) others have suggested that genes which increase mutation rates in natural populations of sexual organisms will be selected against and any interference with the operation of this selection will increase the mutation rate (see discussions of this topic in Dobzhansky, 1951; Dubinin, 1964; Williams, 1966; Kimura, 1967; Leigh, 1970 Leigh, , 1973 Karlin and McGregor, 1974; Thompson and Woodruff, 1978; Gillespie, 1981a, l981b; Woodruff eta!., 1983) . For example, hybridisation among migrants in the large-density winery population might be expected to increase mutation rates by the documented intraspecific hybrid release of mutator activity (Thompson and Woodruff, 1980; Woodruff et a!., 1980; Shaw et a!., 1983) . As an indication of the possible impact of hybrid release on the rate of genetic change in nature, Woodruff and Thompson (1982b, and in preparation) have observed that the progeny from 25 of 90 crosses between natural population lines of D. melanogaster have a significantly higher frequency of spontaneous lethal mutations than do the base populations, and similar values have been observed for spontaneous breakage in hybrid progeny. One consequence of the intraspecific release of mutator activity is that high levels of rare genetic variants observed in hybrid zones (Hunt and Selander, 1973; Avise and Smith, 1974; Kilpatrick and Zimmerman, 1976; Gould and Woodruff, 1978; Sage and Selander, 1979; Smith, 1979; Moran et a!., 1980; Greenbaum, 1981; Hafner, 1982; Peters, 1982; Barton et aL, 1983) may be due to increased rates of mutation (Woodruff et aL, 1979; Thompson and Woodruff, 1980) , although intragenic recombination could also explain these variants (Golding and Strobeck, 1983) . Support for increased rates of mutation as the cause of the increased genetic variation in hybrid zones comes from the observation that high frequencies of novel chromosome re-arrangements are observed in hybrid zones of grasshoppers and the re-arrangements are derived only from hybrid parents (Shaw et aL, 1983) .
The data herein clearly show that rates of genetic damage vary among population lines. However, the rates within some lines are constant in successive tests over fairly long periods of time. For example, with the exception of one experiment, the high mutation line (CT-l) and the low mutation line (CT-1l9) had uniform frequencies of lethal mutations in up to six independent experiments over a three-year period. There is a report of two other natural population lines with spontaneous lethal mutation frequencies of 019 and 040 per cent, in which the mutation rates remained constant for several years (Toropanova, 1960 , quoted in Dubinin, 1964 ). Yet, others have reported that lines with high mutation rates show a rate reduction over time in the laboratory (Muller, 1941) . Unless the high mutation frequency of 0-42 per cent is an optimum rate for the CT-l line, it would be predicted that selection would act to reduce this rate. It is of interest, therefore, that the frequencies of mutation in successive experiments with the CT-i line have gradually decreased with time (see table 4). However, since the frequency of mutation in the June 1980 experiment (8/1150-0-70 per cent) is not significantly higher than that of the recent July 1983 experiment (4/ 1086-0-37 per cent), additional tests need to be performed in the future to determine if the CT-i rate continues to decrease to some minimum value.
In an initial attempt to identify the genetic basis of differences in mutation rates between natural population lines, we have inbred the CT-i and CT-119 lines by single-pair sib matings for sixteen generations. By this inbreeding procedure, genetic factors that affect mutation rates will be made homozygous and can be more easily located and characterised. Preliminary results from the measurement of spontaneous sex-linked recessive lethal mutations in these inbred lines show that homozygosis of presumed mutator factors in the CT-I line has not been possible. Two separate inbred lines of the CT-i base stock showed low mutation frequencies of 008 per cent The loss of the high mutation rate in the CT-l inbred lines may be an indication that lines with very high rates of spontaneous genetic damage do not survive. There are reports in the literature of lines with frequencies as high as one to two per cent spontaneous lethal mutation (Woodruff et al., 1983) . However, individuals with rates higher than this may produce dominant lethal mutations and chromosome breakage events too frequently for progeny survival. It has been observed that high rates of presumed spontaneous dominant lethals occur in crosses with repair-defective mutations of D. melanogaster (Cooper and Zimmering, 1981; Graf et aL, 1982; Brodberg et al., 1983) .
Natural selection of mutation rates can probably not reduce the frequency of mutation to zero (Williams, 1966) . Natural populations have high enough mutation rates to produce the rare favourable mutations that evolution is ultimately dependent upon. Yet, in the short term, an excessive rate of genetic change or an inefficient system of repair can be genetically disastrous.
